Abstract. Photophysical properties of two novel guanidiniocarbonyl (I) and monocyclic guanidine (II) tetraphenylporphyrins and their interaction with DNA were investigated by steady-state and time-resolved absorption and emission spectroscopies. I stays predominantly monomeric in aqueous solutions. It produces singlet oxygen with high quantum yield (Φ ∆ = 0.67) that is typical for monomeric porphyrins. The electronic absorption spectra of I are not influenced by interaction with DNA. This is in contrast with monomeric tetratolylporphyrins bearing phosphonium, ammonium and pyridinium groups where the formation of stable complexes with DNA is accompanied by a characteristic red shift of the Soret band. II extensively forms Hand J-aggregates, which do not produce singlet oxygen (Φ ∆ < 0.01). In the presence of DNA only a small fraction of II remains in monomeric form that is bound to DNA exterior.
INTRODUCTION
Reactions sensitized by porphyrins and their derivatives are widely used in photodynamic therapy (PDT) for destruction of biopolymers in cancer cells [1] . The main principle of PDT is formation of cytotoxic species (singlet oxygen, triplet states of porphyrin) resulting from irradiation of a porphyrin-loaded tumor [2] .
Porphyrin and/or metalloporphyrin mediated cleavage of nucleic acids occurs via oxidative attack on the sugar moiety [3, 4] , nucleobase modifications, which lead to strand scission [5] , or by a photoinduced mechanism involving either the porphyrin excited states or singlet oxygen [6, 7] . Further, porphyrin-induced changes of DNA conformation could allow for the specific probing of DNA structure [8] . Not surprisingly, developments in this area are predicated upon a detailed understanding of the porphyrin-DNA binding mechanism.
Three generalized binding modes have been described for the interaction of cationic porphyrins with DNA: i) intercalation, ii) outside groove binding and iii) outside binding with self-stacking, a mode that leads to the production of organized porphyrin structures on the DNA exterior [9] [10] [11] [12] . Complexation to nucleic acids has been examined for a limited number of cationic porphyrins so far. In this respect, purposeful † E-mail: kubat@jh-inst.cas.cz functionalization of the porphyrin moiety offers compounds differing in charge, substituents and hydrophobicity. Lipophilic substituents may make it easier for the porphyrin to pass through or accumulate in biomembranes. It may change the site recognition properties and the affinity of porphyrins to nucleic acids.
Recently we synthesized tetratolylporphyrin derivatives with phosphonium, ammonium and sulfonium groups and we were interested in how the different number and structure of the solubilizing groups affects their physical and chemical properties and binding to DNA [13] [14] [15] . The particular sensitizers reported in this paper are derivatives of meso-tetraphenylporphyrin, which is itself known to be a good sensitizer with high quantum yield of singlet oxygen (Φ ∆ = 0.34-0.87) [16] . Two novel porphyrin derivatives substituted by guanidiniocarbonyl (I) and monocyclic guanidine (II) groups have long cationic "tentacles" that should allow formation of complexes with negatively charged biopolymers like nucleic acids. The cationic centers are insulated from the porphyrin ring and thus have minimal influence on the electron density in the π -system of the porphyrin chromophore. From a design perspective, these porphyrins were expected to display excellent photophysical properties similar to parent tetraphenylporphyrin, yet be water-soluble and exhibit binding affinities for DNA Vol. augmented by the charged substituents. Physicochemical and photophysical properties of I, II and their complexes with DNA were measured and compared with behavior of cationic meso-tetratolylporphyrin derivatives [13] [14] [15] .
EXPERIMENTAL
5, 10, 15, 20-Tetrakis( guanidiniocarbonyl )porphyrin I was synthesized from corresponding ester by reaction with guanidine hydrochloride and sodium methanolate in methanol. 5,10,15,20-Tetrakis(monocyclic guanidine)porphyrin II was prepared by coupling of porphyrin carboxylic acid or acylchloride with aminoethylguanidine derivative under standard amide bond formation protocol [17, 18] . The porphyrins I and II were characterized by elemental analysis, UV/Vis, 1 H NMR, 13 C NMR, FAB and MALDI TOF mass spectrometry. The pure porphyrins were obtained by crystallization from methanol-dichloromethane mixture and the purity was verified by HPLC analysis. The stock porphyrin solutions(100-200 µM) were prepared in methanol (Riedel-de Haën, HPLC grade) and diluted with water, phosphate buffer, or methanol prior to use. The concentration of calf thymus double-stranded DNA (Sigma), calculated in base pairs, was determined spectrophotometrically using molar absorptivity ε 260 = 1.31 × 10 4 M −1 cm −1 [19] . Experiments with different porphyrin/DNA molar concentration ratios (R) were performed in 20 mM phosphate buffer (pH 7.0) and 100 mM sodium chloride at room temperature (25 • C) in 1 × 1 cm quartz or plastic cells. Solutions of I and II (1-5 µM) were titrated by addition of aliquots of DNA and equilibrated for 5 min before measurement. UV/Vis absorption spectra were measured on a Perkin Elmer Lambda 19 spectrophotometer.
The laser kinetic spectrometer (Applied Photophysics, UK) as well as the details of measurement have been described elsewhere [13] . A Lambda Physik FL 3002 dye laser (λ exc = 415 nm, pulse length 28 ns, output 1-5 mJ/pulse) was used for production of the triplet states. The porphyrin triplets were probed at 445 nm using a 250 W Xe lamp equipped with a pulse unit and a R928 photomultiplier (Hamamatsu).
Time-resolved near-infrared luminescence of singlet oxygen O 2 ( 1 ∆ g ) at 1270 nm was monitored with a Ge diode (Judson J16-8SP, USA) in conjunction with a 1270 nm interference filter. The quantum yields of singlet oxygen Φ ∆ were estimated by the comparative method using 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin as a standard (Φ ∆ = 0.62 [16] ) at excitation energy 50-380 µJ. In this energy region the intensity of a luminescence signal is proportional to the incident energy. Where appropriate, oxygen was removed from solutions via purging with argon.
RESULTS AND DISCUSSION

Aggregation of I and II in aqueous solutions.
The porphyrins I and II (Scheme 1) show typical monomeric spectra in methanol with intensive absorption maximum at 415 nm (Soret band) and four visible Q bands at longer wavelengths ( Table 1 ). The solutions were investigated up to 5 µM and it was found that they obey Lambert-Beer's law. All porphyrins are well soluble in water with some degree of aggregation indicated by a broadening of the Soret bands ( Figure 1 ) and by deviations from the Lambert-Beer law.
I is predominantly monomeric in aqueous solutions (Figure 1(a) ) at low ionic strength (0-500 mM NaCl). More extended aggregation of I occurs at concentrations of NaCl above 1 M. Aggregation is accompanied by decreasing and broadening of the Soret band. Transient triplet-triplet absorption spectra of I are broad with the absorption maximum at 445 nm that is typi- cal for monomeric porphyrins (Figure 2(a) ). The triplet states of I decay monoexponentially (Figure 2(b) , Table 2). They are effectively quenched by molecular oxygen (Table 2 ) with the diffusion-controlled bimolecular rate constant of ∼ 2 × 10 9 l mol −1 s −1 producing singlet oxygen. We found high quantum yield of singlet oxygen (Φ ∆ = 0.67, Figure 3(a) ) of I that is comparable with Φ ∆ = 0.62 for 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin that is known as an efficient sensitizer in human medicine [20] .
The monocyclic guanidine groups on the porphyrin periphery of II impose a strong tendency to form extended aggregates in aqueous solutions. This behav- ior is reflected by marked broadening and splitting of the Soret band into at least three individual bands (Figure 1(b) ). The complex Soret band can be resolved into individual subbands using a Voigt function (convolution of a Lorenzian function with a Gaussian function) [21] . Relative intensities of the Soret subbands depend on pH, porphyrin concentration, degree of aging and temperature. II is predominantly monomeric above 60 • C (Figure 1(c) ). The monomer has Soret band at 416 nm (Table 1) . However, under these conditions II is not chemically stable and decomposes.
Aggregation of II is strongly facilitated at higher ionic strengths (Figure 1(d) ) because the counteranions presumably compensate a high positive charge density of extended aggregates. Two generalized aggregate structures, namely H-aggregates and J-aggregates [22, 23] , can be recognized (Figure 1 , Table 1 ). The Table 2 . Lifetimes of the triplet states of monomeric I and II recorded at 445 nm in the absence of oxygen τ T (He) and in aerated solutions τ T (air), the quantum yields of singlet oxygen Φ ∆ and effects of binding to calf thymus DNA are compared with cationic 5,10,15,20-tetrakis(4-N-methylpyridyl)porphyrin (TMPyP) [14, 16] . Values are given with an accuracy of 15%.
Phosphate buffer
Calf thymus DNA τ T (He) [ appearance of a blue-shifted band at 403 nm indicates the presence of sandwich-type aggregates (Haggregates). In this case the transition dipole moments of interacting monomer units are perpendicular to the line connecting the porphyrin centers. A red-shifted band at 425 nm can be attributed to the mixture of structures with an angle between the transition dipole moments and the line connecting the centers of the monomer units in the range 0-54.7 • (J-aggregates). Because relaxation of the excited states of aggregates occurs predominantly via nonradiative processes the concentration of the triplet states of II after excitation is strongly reduced when compared with the corresponding monomer. Consequently, the intensity of singlet oxygen luminescence cannot be separated from instrumental noise (Figure 3(b) ) and it is under detection limit of the instrument. From it follows that the quantum yield Φ ∆ of II in aqueous solution is less than 0.01 ( Table 2 ). This is in accordance with literature data on aggregated forms of porphyrins [24] .
The porphyrins I and II in the presence of DNA. The electronic absorption spectra of I and II
were measured in the range of 250-800 nm in the presence of calf thymus DNA as a function of R = 1.00-0.02. The Soret and Q-bands of I are not influenced by the presence of DNA. In general, the binding of porphyrins with the nucleic acid is associated with a red shift of the Soret band. For example, meso-tetratolylporphyrins bearing N + (CH 3 ) 3 , −(1-pyridinium) + [13] , −P + (CH 3 ) 3 and −P + (CH 3 ) 2 (phenyl) [15] substituents are redshifted by 6-8 nm. Transient spectroscopy supports results of steady-state UV/Vis absorption spectra. Triplettriplet absorption spectra and lifetime of the triplet states of I are not affected by DNA ( Table 2 ). The quantum yield Φ ∆ of I does not depend on the concentration of DNA within experimental error (±15%, Table 2 ). Therefore, we do not have spectroscopic evidence whether I is bound to DNA. Electrostatic attraction forces between cationic sites of porphyrins and the negatively charged phosphate backbone of DNA are crucial for the binding phenomena and influ- ence the final arrangement of porphyrins units [13] . As guanidine groups bear the positive charge their interaction with phosphates is evident and have to be taken into consideration. However, the contact of the porphyrin moiety with the DNA backbone appears to be so distant that the electronic energy levels of the porphyrin are not perturbed by stacking with nucleobases. The presence of DNA influences the driving forces for self-aggregation of II due to the negatively charged backbone phosphates. The absorption spectra of II in the presence and absence of DNA show that selfaggregation is accelerated by DNA, but ratio between various types of aggregates after 5 minutes of equilibration does not depend on DNA concentration and it is controlled by peripheral substitution of II and ionic strength. Extensive aggregation and high kinetic stability of aggregates do not allow binding of the porphyrin monomer from the solution. This is supported by the fact that Φ ∆ is more than two orders of magnitude lower in aqueous solution in the presence or absence of DNA than in methanol, where II is predominantly monomeric. In summary, the high tendency of II to form aggregates in aqueous solutions renders the monomer unavailable for binding to DNA. Similar behavior is observed for highly aggregated meso-tetratolyporphyrins with hydrophobic substituents like −P + (phenyl) 3 , −S + (CH 3 ) 2 or −SC(NH 2 ) 2 + that spontaneously assemble into chiral aggregates on the exterior of a double-helical DNA template [13, 14] . On the other hand, when small aliquot of the monomer of II in methanol is added to DNA solutions (the methanol content did not exceed 5% v.v.), the binding phenomena is evidenced by the appearance of small concentrations of the monomer triplet states in transient spectroscopy. The lifetime of the triplet states of II is 7-8 times longer than triplet states of I (Table 2 ). It is known that porphyrins bound to DNA exhibit considerable lengthening of the triplet state lifetimes [13, 15] . Hence the lifetime of the triplet states confirms that the monomer of II is bound preferably on the external surface of the nucleic acid. Intercalation of II between base pairs of DNA is excluded because long "tentacles" with the bulky substituents impose steric obstacles. But still the concentration of the triplet states is so low that production of singlet oxygen is below detection limit similarly to aqueous solutions of II (Table 2) .
